Introduction
Palm mid-fractions (PMFs) are produced by multi-stage fractionation from palm oil and has been widely popular in the formulation of various food ingredients (e.g., chocolate/confectionery fats, icings, shortenings, margarines and frying fats) due to their high yields, unique physicochemical properties and nutritional values. [1] The annual output of PMFs amounts to 14-17 million tons calculated based on the production quantity of palm oil and related fractionation yields [2] , which meets the demands for processed fat-containing food. For instance, PMFs are strongly suggested to be used as chocolate fats, and the potential demand of cocoa butter equivalents (CBEs, one of the high-quality chocolate fats) is estimated to be only 0.025-0.050 million tons annually according to the European Directive 2000/36/EC. [1, 3] In contrast, most of other chocolate fat resources, i.e., illipe butter, sal fat, and shea butter, are usually difficult to obtain because of their intermittent availabilities and low yields. [4] In this regard, PMFs are the most ideal ingredients in the confectionery manufacture.
In general, industrial PMFs are divided into three groups as shown in Fig. 1 : PMF-A, also known as soft PMF, is generally obtained from dry fractionation of the palm olein or PMF-B as the following process: fast cooling to 16°C and keeping at this temperature for 1 h, follow by fast or slow cooling to 12-13°C and holding for 5-7 h [1, 5, 6] ; PMF-B, also named soft stearin or low melting stearin, is generally fractionated from the palm stearin or PMF-A using acetone in a ratio of 1:4-8 (w:v) at 17-25°C for 8-48 h [5, 7] ; and PMF-C, also called hard PMF or 1,3-dipalmitoyl-2-oleoylglycerol (POP)-rich fat, is produced from the additional fractionation of PMF-A or PMF-B using acetone in a ratio of 1:10 (w:v) at 4°C for 24 h. [5, 8] PMFs obtained from different fractionation routes have different chemical compositions (especially the triacylglycerol compositions and diacylglycerol levels) and thermal properties, which might greatly affect the physical quality (especially the thermal behaviors and sensory characteristics) of final products. As our previous study, PMF-C with 65.0% of POP and 1.3% of diacylglycerols was demonstrated to be the best compared to the PMF-A (POP, 40.4%; diacylglycerols, 4.3%) and PMF-B (POP, 44.9%; diacylglycerols, 4.0%) in preparing heat-resistant chocolate fats by blending mango kernel fat. [9] For other specialty usages, PMF-A (slip melting point (SMP), 25.8°C) and PMF-B (32.3-34.9°C) were recommended as the shortening ingredients by mixing with lard in the ratios of 80%:20% (PMF:lard, %wt), while the ratio was changed to be 10%:90% (PMF:lard, %wt) when PMF-C (30.9°C) was involved. [10] In addition, most of the current reports does not point out the PMF types when the fats were involved in preparing the products, which may cause problems to researchers who want to repeat the studies or to continue to further experiments. Therefore, both of PMF types and mixing ratios should be paid attention to the manufacture of different fatcontaining foods. It would help to better understand how the different PMFs interact with other fats or oils in the blends in terms of their physical properties. As Bootello et al. [11] mentioned that it is interesting to investigate the maximum amount of PMFs in the CBE formulas. However, there is little information about a thorough interpretation for the three group PMFs, which further limits their application.
In addition, PMFs are also a source of valuable micronutrients, such as sterol, tocopherol and carotene. [7, 12] Although micronutrients might not significantly change the physical characteristics of PMF-containing food, they would be the key factors that take influences on the oxidative stabilities or shelf life of the products. [13, 14] This also improves the importance of systemically analyzing the PMFs.
Therefore, the present study focuses on the three PMF groups (i.e., PMF-A, PMF-B and PMF-C) obtained from multi-step fractionation by analyzing their fat and triacylglycerol compositions, micronutrient levels, thermal properties, and oxidative stabilities, and to further extend their usages in fat based food products.
Materials and methods

Materials
Twenty-seven different batches of PMFs, including twelve batches of PMF-A, six batches of PMF-B, and nine batches of PMF-C, were collected from industrial fractionation plants in China (Wilmar Group, China Oil & Foodstuffs Corporation, Julong Group and Cargill China) and Malaysia (IOI Group) over a period of last 2 years. Commercial CBE, cocoa butter (CB) were donated by Wilmar Group and Jinsihou Group respectively. Frozen food shortening was prepared by mixing PMFs and lard. [10] Each sample was collected in duplicate and kept frozen at −20°C in glass containers until it was ready to be analyzed.
Standards of oleic acid, 2-olein, 1,3-diolein, 1,2-diolein, and 37 fatty acid methyl esters were provided by Sigma-Aldrich Chemical Co. Ltd. (Shanghai, China); and triacylglycerols, including POP, 1-palmitoyl-2,3-dioleoyl-glycerol (POO), and 1-palmitoyl-2-oleoyl-3-stearoyl-glycerol (POS), were purchased from Larodan Fine Chemicals AB (Malmö, Sweden). Pancreatic lipase was bought from Sigma-Aldrich Chemical Co. Ltd. (Shanghai, China). Other chemical reagents were obtained from Sinopharm Chemical Regent (Shanghai, China).
Fat composition determination
Fat composition, including triacylglycerol, diacylglycerol and monoacylglycerol, and free fatty acid, were detected by a high-performance liquid chromatographic system (LC-20AT, Shimadzu, Japan) consisted of a refractive index detector (RID-10A, Shimadzu, Japan) and a silica column (5 µm, 4.6 × 250 mm, Sepax, USA). [15] Conditions of analysis: mobile phase, n-hexane, isopropanol, and methanolic acid (15:1:0.003, v:v:v); flow rate, 1.0 mL min ; injection volume, 10 µL. Standards of oleic acid, 2-olein, 1,3-diolein, 1,2-diolein, and triacylglycerol, were used to identify the relative peaks, and the percentages were reported in terms of relevant proportions.
Triacylglycerol composition determination
Triacylglycerol profile was detected by a high-performance liquid chromatograph (Agilent 1200) consisted of a RID (RID-10A, Shimadzu, Japan) and two LiChroCART 18e columns (5 µm, 4.6 × 250 mm each; Merck, Germany) according to the AOCS Official Method Ce 5c-93. [16] Conditions of analysis: mobile phase, acetone and acetonitrile (75:25, v:v); flow rate, 1.0 mL min −1 ; sample concentration, 30 mg mL −1 ; injection volume, 20 µL. Triacylglycerol species were identified by comparing the retention time of standards and by correlating the equivalent carbon number, and their percentages were reported in terms of the relative proportions.
Sn-2 fatty acid composition determination
Triacylglycerols were hydrolyzed by pancreatic lipase to prepare 2-monoacylglycerols based on the method described by Luddy et al. [17] The monoacylglycerols were then mixed with 1.5 mL n-hexane and methyl esterified using 2 mol L −1 KOH-CH 3 OH to prepare fatty acid methyl esters. The analysis was performed on a gas chromatograph system (7820A, Agilent, USA) equipped with a flame ionization detector (FID) and a Trace TR-FAME capillary column (0.25 µm, 60 m × 0.25 mm, Thermo Fisher, USA). Conditions of analysis: FID and injector temperature, 250°C; oven temperature = 80 (3min) -215°C (15°C min −1 ) -215°C (20 min); injection volume, 1.0 µL; nitrogen (carrier gas), 1 mL min −1 ; split ratio, 1:20. Fatty acid species were identified by comparing the retention time of standards and their percentages were reported in terms of the relative proportions.
Slip melting point and iodine value determination
SMP and iodine value (IV) were quantified using the AOCS Official Method Cc 1-25 and Cd 1-25, respectively. [16] 
Micronutrient determination
Tocopherols were detected by a high-performance liquid chromatographic system (LC-20AT, Shimadzu, Japan) consisted of an ultraviolet detector (SPD-20A, Shimadzu, Japan) and a silica column (5 µm, 4.6 × 250 mm, Hanbon, China) based on our pervious method. [18] Conditions of analysis: mobile phase, hexane and isopropanol (98.5:1.5, v:v); flow rate, 1.0 mL min
; column temperature, 30°C ; detection wavelength, 295 nm; sample concentration, 100 mg mL
; injection volume, 20 µL. Tocopherol isomers, including α-, β-, γ-, and δ-tocopherols, were identified and quantified by comparing the standards, and their levels were reported in mg kg −1 . Sterols were analyzed using a gas chromatograph-mass spectrum system (Thermo Fisher, USA) consisted of a FID and a DB-5 capillary column (0.25 µm, 30 m × 0.25 mm, Agilent, USA) as described by Li et al. [19] Two hundred milligram of the fat and 0.2 mL of 0.825 mg mL −1 5α-cholestane (the internal standard) were saponified by 2 mL of 2 mol L −1 KOH-CH 3 CH 2 OH at 85°C for 1 h, and then 5 mL of hexane and 2 mL of distilled water were added to extract the unsaponifiables three times. The extractive was then dried by nitrogen and silylated with 400 µL BSTFA + TMCS at 70°C for 30 min, and finally was dissolved using 1 mL hexane. Conditions of gas chromatograph analysis: FID and injector temperature, 290°C; oven temperature = 200 (1 min) -300°C (1°C min −1 , 18 min); helium (carrier gas), 1 mL min −1 ; injection volume, 1.0 µL; split ratio, 1:100. Conditions of mass spectrum analysis: ionization mode, EI; mass range (m/z), 50-500; transmission line temperature, 250°C; source temperature, 280°C. 5α-cholestane was used to quantify the contents of sterols, and the levels were reported in mg/kg
Melting and crystallization analyses
Melting and crystallization behavior analyses were conducted on a DSC instrument (DSC Q200, TA, USA) based on the AOCS Official Method Cj 1-94. [16] The melted sample without thermal memory (8.0 ± 0.5 mg) was cooled from 80 to −40°C at 10°C min −1 and maintained 5 min to obtain the crystallization curve, and was then heated to 80°C at 5°C min −1 to obtain the melting curve. The enthalpy, and onset, maximum and offset temperatures of each peak were calculated from the curves using TA Universal Analysis 2000.
Solid fat content determination
Solid fat content (SFC) of each fat was measured according to the AOCS Official Method Cd 16b-93 [16] by a pulse nuclear magnetic resonance (AM4000, Oxford, UK). The melted sample (3.0-3.2 g) was poured into a NMR tube and melted at 80°C for 60 min followed by tempering at 0°C for 60 min. The value was detected from 0 to 40°C (with 5°C intervals) and equilibrated at each setting temperature for 30 min before determination.
Oxidative stability index determination
Oxidative stability index (OSI) of each fat was detected according to the AOCS Cd 12b-92 method [16] using a Metrohm Rancimat model 743 (Herisau, Switzerland). Four grams of the fat was heated at 120°C with 20 L h −1 of the cleaned and dried air, and then the effluent air containing volatile organic acids from the fat was collected in a measuring vessel with 60 mL of distilled water. The conductivity of the water was determinated automatically as oxidation proceeded, and the result was recorded as an hour (h).
Statistical analysis
All the determinations mentioned above were carried out in triplicates and were reported as mean ± standard deviation. Analysis of variance (ANOVA) and a LSD test were used to test the differences using SPSS program version 19.0, a p < 0.05 was considered to be significant difference. The correlations between OSI and tocopherols/sterols were calculated by multiple linear regression analysis using a stepwise method. The use probability of F values p-to-enter and p-to-remove new variables into statistical model were p < 0.05 and p > 0.10, respectively.
Results and discussion
Chemical compositions
IV reflects the unsaturation of fats (the chemical compositions) and is the important analytical parameter, which is related strongly to the SFC (the thermal properties). [20] The values are presented in Table 1 for hard PMF respectively [5] , indicating the studied PMF samples are representative. However, few information about their chemical compositions and thermal properties are systematically reported, which are the impetus for the present study.
The chemical characteristics of three PMF groups, mainly including fat, triacylglycerol and sn-2 fatty acid compositions are given in Table 1 . Significant differences (p < 0.05) of triacylglycerol and diacylglycerol percentages were found between PMF-C and PMF-A/PMF-B, while the Table 1 . Iodine values, and fat, triacylglycerol and sn-2 fatty acid compositions of PMFs. Mean values within each row followed by different letters are significantly different (P < 0.05).
monoacylglycerol and free fatty acid showed similar levels among the three group samples. PMF-A and PMF-B used here contained higher diacylglycerol percentages (4.2% and 4.7%, respectively) compared to PMF-C (0.3%). Accordingly, their triacylglycerol levels (93.8% and 93.1%, respectively) were significantly lower than that of PMF-C (99.1%). Fractionation is the preferred technique for obtaining triacylglycerols as diacylglycerols are removed as filtrates [8, 21] , which could explain the low diacylglycerol levels in PMF-C. High amounts of diacylglycerols would greatly delay the transition of symmetrical monounsaturated triacylglycerols into more stable polymorph and further give the chocolate products undesirable physical properties. [22] [23] [24] Rather, as Ray et al. [22] reported, low diacylglycerol levels (0.7%) had less influence on the transformation from γ into β form. In this regard, PMF-C is more suitable for producing chocolate fats compared to PMF-A and PMF-B. Table 1 further shows the triacylglycerol and sn-2 fatty acid compositions of three PMF groups. sn-2 Fatty acid composition analyses revealed that oleic acid represented the greatest percentages among the studied samples ranging from 61.8% to 76.8%, which demonstrated that symmetrical monounsaturated triacylglycerols (e.g., POP, 43.8-67.1%; and POS, 8.1-13.1%) were the predominant triacylglycerols in all the studied samples. POP and POS, the high-melting triacylglycerols, are the main triacylglycerols in CB, suggesting that some PMFs are the preferred POP source to mix with 1,3-distearoyl-2-oleoyl-glycerol (SOS)-rich fats (e.g., mango kernel fat) to produce heat-resistant CBEs. [9, [25] [26] [27] In general, PMF-C is recommended to be used in the chocolate fat formulations because of its significantly higher POP content (>60.0%) and low diacylglycerol level (<1.5%). [8, 28] For PMF-A and PMF-B, significant higher POO percentages were observed reaching 16.7% and 14.1%, respectively. POO could provide a fat system with fluidity that would be discussed in the next section, and such PMFs (POP, 29.6-45.2%; POO, 14.1-20.4%) are suitable in the shortening preparation. [10] In addition, PMF-B obtained from the palm stearin generally contained high amounts of 1,2,3-tripalmitoyl-glycerol (PPP, 6.2%), which contributes to form hard texture in blending formula and is widely used in preparing frying fats. [29] 
Thermal properties
The melting and crystallization behaviors of PMFs are in relation to industrial applications. Their curves are shown in Fig. 2 , and the parameters together with SMPs are presented in Table 2 . The melting profile generally gives the information about the amounts of high-melting triacylglycerols and the occurrence of polymorphic transformation. [29] A distinct melting peak was started at 12.0°C and ended at 37.0°C in PMF-C (Fig. 2(a) ), whereas subtle peaks were observed in PMF-A (10.4-32.1°C
) and PMF-B (4.6-37.7°C). The melting profile of PMF-C was similar to that of CB and commercial CBE, which also indicated that the fat contained more unique fat and triacylglycerol compositions. [9] The significant lower onset temperatures in PMF-A and PMF-B suggested that they had higher levels of di-or tri-unsaturated triacylglycerols (mainly including POO, OOO and PLO, Table 1 ) compared to PMF-C, but the higher PPP level in PMF-B still made the fat exhibited high SMP as PMF-C. In this regard, PMF-B and PMF-C are more popular in summertime and in most tropical countries.
Similar heat-resistant properties of PMF-B and PMF-C were found in the crystallization properties as shown in Table 2 . However, crystallization curves showed that all the three PMF groups had two exothermic peaks (Fig. 2(b) ), which were quite different from those of CB and commercial CBE. [9] High-melting PPP was considered to be responsible for the small shoulder between 15.0 and 20.0°C. The findings were in accordance with the previous study described by Sonwai et al. [26] Therefore, too high percentages of PMFs in the chocolate fat mixtures might lead the blends undesirable in terms of compatibilities and thermal properties. As our previous research, 10% PMF-C was the ideal addition amount in preparing CBEs combined with CB and SOS-rich fat (data were not published). Smith et al. and Beckett [4, 30] also concluded that the addition of suitable amounts of POP-rich fats could improve the compatibilities for hard chocolate fat formulas. SFC is connected with the textural (softness, hardness, and melting behavior) and sensorial properties of fat-containing food. [31, 32] The values of three PMF groups, CB and typical pastry shortening are shown in Fig. 3 . In general, PMF-C had the highest solid contents at all the studied temperatures, followed by PMF-B and PMF-A. PMF-A (68.9%→2.2%) and PMF-B (79.9%→13.4%) showed steep profiles from 10 to 30°C. The gradual decrement trends were comparable to those of reference shortenings, i.e., frozen food shortening and typical puff pastry margarine. [10, 33] However, the reference shortenings cannot melt completely at 40% (SFCs = 10.0-13.0%), which will induce a waxy mouth feel. By contrast, the studied PMF-A and PMF-B had short plastic ranges with high SFCs at low temperature (<20°C) and approximately zero SFCs at mouth temperature, which were recommended as good-quality shortenings. [34] In addition, the profile of PMF-C was similar to that Mean values within each row followed by different letters are significantly different (P < 0.05).
of CB, but shifted to higher temperatures, showing that PMF-C is the fat that would remain solid at high temperatures and contribute to preparing heat-resistant chocolate fats. For instance, both of PMF-C and CB had high SFCs (92.9% and 85.9%, respectively) at 15°C, and PMF-C still showed high values of 84.7% and 70.4% at 20 and 25°C respectively, while dramatic decreases from 69.6% to 33.1% were observed in CB in the same temperature range.
Micronutrient levels
Micronutrients, especially tocopherols and sterols, are usually considered as nutritional supplements and antioxidants for lipids, and their levels in PMFs are presented in Table 3 . Significant differences of tocopherol contents were found in the three PMF groups. PMF-A contained the highest value reaching 300 mg kg −1 , followed by PMF-B (158 mg kg −1 ) and PMF-C (only 7 mg/kg −1 ). Micronutrients tend to be concentrated into the liquids during the fractionation, which could be responsible for the significant changes. [1] Kumar et al. [7] also concluded that only 38 mg kg −1 was found in the soft stearin (i.e., PMF-B in present study) after two-stage fractionation of crude red palm oil. In addition, the tocopherols in studied PMFs were mostly dominated by γ-tocopherol (53%-71%), which was in accordance with the results reported by Hamm et al. [35] They concluded Mean values within each row followed by different letters are significantly different (P < 0.05).
that γ-tocopherol accounted for about 46% of the total tocopherols in palm oil. In general, γ-tocopherol exhibits excellent antioxidant capacity at high temperature (> 50°C) compared to that of α-tocopherol and β-tocopherol, especially under the condition that the total tocopherol concentration is more than 100 mg/kg. [36, 37] Therefore, it suggests that such PMFs (i.e., PMF-A and PMF-B) are suitable in using frying fats.
Sterols are the major unsaponifiables in almost all the vegetable fats and oils. As shown in Table 3 , the highest sterol content was found in PMF-A (535 mg kg −1 ), followed by 370 mg kg
in PMF-B, but there were no sterols detected in PMF-C. The trends were similar to those found in tocopherols and reported by Kumar et al. [7] Sterol levels in fractionated PMFs were comparable to that in reported palm oils (300-700 mg/kg), but were significantly lower than those in common oils, e.g., rape oil (4500-11300 mg kg −1 ), soybean oil (1800-4500 mg kg −1 ), and sunflower oil (2400-5000 mg kg −1 ). [35] As previous reports, β-sitosterol is the most abundant specie among the sterols in palm oils, followed by campesterol and stigmasterol [35] , which was also found in present study.
Characteristics of oxidative stabilities
OSI is the most widely applied index to evaluate the shelf life of edible fats and oils. Table 3 also shows the results for OSIs of the three PMF groups ranging from 8.8 to 13.2 h. All the values were significantly higher than those found in common edible oils (3.1-5.0 h), e.g., sunflower, canola, soybean, peanut, and corn oils [38] , indicating that PMFs could improve the oxidation stabilities of the related fat-containing food. Among the three PMF groups, PMF-A (13.2 h) and PMF-B (11.2 h) exhibited higher OSIs compared to that of PMF-C (8.8 h). The results are in agreement with those of micronutrient levels mentioned above.
When individual micronutrients were fitted into the OSI model, the best highly significant variable were γ-tocopherol and campesterol (P < 0.05) as shown in Table 4 . In this regard, they are the main factors that affected the oxidative stabilities of PMFs. Similar to γ-tocopherol, campesterol also shows high oxidative activities at industrial frying operations. Dutta et al. [39] found that epoxides of both sitosterol and campesterol were the major contributors in terms of total sterol oxides in the fries prepared in rapeseed oil and palm oil blend. Similarly, although β-sitosterol was the most abundant sterol in PMFs, Salta concluded [40] that its survived percentages after deep or pan frying were higher than those of campesterol, also suggesting the higher activities of campesterol during frying. The result indicates that PMF-A and PMF-B containing 109-158 mg/kg of campesterol are more suitable for the manufacture of frying fats compared to PMF-C, whose campesterol level was not detected by the current method.
Conclusion
Significant differences in fat, triacylglycerol compositions and micronutrient levels were found in PMF-A, PMF-B and PMF-C, resulting their different thermal behaviors and oxidative stabilities. PMF-A showed soften properties in terms of SMP, DSC and SFC analyses, while PMF-B was characterized as hard fat. Their SFC profiles were comparable to those of frozen and puff margarine shortenings. In addition, both of PMF-A and PMF-B contained higher micronutrient levels (mainly including γ-tocopherol, α-tocopherol, β-sitosterol, and campesterol) and OSI values than those in PMF-C. γ- Tocopherol and campesterol are the most significant factors to prevent PMFs from oxidation according to the multiple linear regression analyses between OSIs and micronutrients compositions, and they generally exhibit excellent antioxidant capacities at frying conditions. Therefore, PMF-A and PMF-B are suggested to be used in manufacturing of margarine shortenings and frying fasts. In particular, PMF-B is more popular in hot weather. PMF-C is the further fraction of PMF-A or PMF-B. It contained the highest symmetrical monounsaturated triacylglycerol level (especially POP and POS) and showed steep SFC curve, which are preferred in producing heat-resistant chocolate fats.
Nomenclature CB cocoa butter CBE cocoa butter equivalent IV iodine value OSI oxidative stability index PMF palm mid-fraction POO 1-palmitoyl-2,3-dioleoyl-glycerol POP 1,3-dipalmitoyl-2-oleoyl-glycerol POS 1-palmitoyl-2-oleoyl-3-stearoyl-glycerol PPP 1,2,3-tripalmitoyl-glycerol SFC solid fat content SMP slip melting point SOS 1,3-distearoyl-2-oleoyl-glycerol FID flame ionization detector 
